In hypoxic and acidic tissue environments, nitrite is metabolised to nitric oxide, thus, bringing about novel therapeutic options in myocardial infarction, peripheral artery disease, stroke, and hypertension. Following renal ischemia, reperfusion of the kidney remains incomplete and tissue oxygenation is reduced for several minutes to hours. Thus, in renal ischemia-reperfusion injury, providing nitrite may have outstanding therapeutic value. Here we demonstrate nitrite's distinct potential to rapidly restore tissue oxygenation in the renal cortex and medulla after 45 minutes of complete unilateral kidney ischemia in the rat. Notably, tissue oxygenation was completely restored, while tissue perfusion did not fully reach pre-ischemia levels within 60 minutes of reperfusion. Nitrite was infused intravenously in a dose, which can be translated to the human. Specifically, methaemoglobin did not exceed 3%, which is biologically negligible. Hypotension was not observed. Providing nitrite well before ischemia and maintaining nitrite infusion throughout the reperfusion period prevented the increase in serum creatinine by ischemia reperfusion injury. In conclusion, low-dose nitrite restores renal tissue oxygenation in renal ischemia reperfusion injury and enhances regional kidney post-ischemic perfusion. As nitrite provides nitric oxide predominantly in hypoxic tissues, it may prove a specific measure to reduce renal ischemia reperfusion injury.
In spite of an over thousand year old Chinese text that hints at nitrite as a remedy for angina pectoris, the substance had long been considered to exert few physiological effects, except for causing blue baby syndrome, and being potentially carcinogenic, via nitrosamine formation 1, 2 . Nutritional sources for nitrite in humans are cured meat products such as hot dogs and -as nitrate is reduced to nitrite by commensal bacteria in the saliva -nitrate-containing vegetables such as beetroots. It is also long known that nitrite is generated by biological decomposition of nitric oxide (NO) [2] [3] [4] [5] . What has become clear in the last decade only, is that vice versa nitrite is an important source for NO. Thus, besides the canonical NO generation by NO synthases, NO is formed by reduction of nitrite. This is achieved by a number of proteins including haemoglobin and myoglobin. These proteins' reductase activity is allosterically regulated by ambient partial pressure of oxygen (pO 2 ) and ambient pH in such a way that reductase activity increases in hypoxic and acidic environments. Thus, whereas conventional NO-donors such as nitroglycerin bear a considerable risk for critical hypotension due to generalized vasodilation, nitrite's mechanism of action provides NO and, thereby, vasodilation predominantly in hypoxic tissues, i.e., "on demand" 3, 6, 7 . An ever growing number of studies set out to assess the therapeutic potential of nitrite in a variety of pathophysiological settings. With regard to ischemia-reperfusion injury (IRI) of the heart, liver, and brain, pre-clinical studies have convincingly demonstrated beneficial effects 3, 4 . The role of nitrite in renal IRI, however, remains to be unraveled. Nitrite dilates renal interlobar arteries under ischemia-mimicking conditions in vitro 8 . Two in vivo studies reported beneficial effects on read-outs such as plasma creatinine, plasma urea, and histologic scores, yet, a third in vivo study did not find any protective effect [9] [10] [11] . Remarkably, in these studies, nitrite was never administered during the reperfusion period [9] [10] [11] . Full appraisal of the potentially protective effects of nitrite in renal IRI should include read-outs that mirror pathophysiological key events. Renal tissue hypoperfusion and hypoxia are considered pivotal early elements in the pathophysiology of acute kidney injury of various origins [12] [13] [14] [15] . Here, we set out to assess whether nitrite 1 -given in a dose and manner that can be translated into patient treatment -effectively restores renal tissue oxygenation and hemodynamics following renal ischemia. In accord with safety criteria used for long-term nitrite infusion in humans 7 , an optimum nitrite dose must not induce serious hypotensive episodes and major increases in methaemoglobin (MetHb; the cause of the blue baby syndrome). In addition, the effectiveness of the chosen dosage to enhance hypoxic vasodilation must be ascertained. Our criteria for optimum nitrite administration are as follows: (i) arterial pressure must not drop by more than 15 mmHg under normoxic conditions, (ii) MetHb must not exceed 3%, and (iii) hypoxic vasodilation must be enhanced 7, 16 .
Results
Baseline data on renal hemodynamics and oxygenation before nitrite did not differ between the nitrite group and the saline (volume control) group (Table 1) . Also, MetHb did not differ between the groups (Fig. 1) . Twenty minutes of continuous nitrite infusion did not change any of the hemodynamic and oxygenation parameters (Table 1) ; in none of the rats did arterial pressure drop below the set limit of 15 mmHg. MetHb was unchanged in the control group but increased to about 0.8% within 20 minutes of nitrite infusion (Fig. 1) . In the nitrite group, MetHb reached about 2.0% after 140 minutes of continuous nitrite infusion, i.e., at the end of the observation period (see Supplemental Fig. 1 for the schedule of the experiments). In none of the rats did MetHb exceed the 3% limit.
The effectiveness of the nitrite infusion to enhance hypoxic vasodilation was tested by briefly lowering the inspiratory fraction of oxygen (FiO 2 ) from normoxia (21%) to 10%. In the control group, 100 seconds of hypoxia decreased arterial blood pressure by hypoxic vasodilation, which was pronounced in the hindquarter as compared to the renal circulation (Fig. 2) . Nitrite significantly enhanced the hypotensive effect by augmenting hypoxic vasodilation in both the hindquarter and kidneys. Table 1 . Baseline values and effects of nitrite or saline infusions. Data are mean ± SEM, n = 9 for the saline group (control), n = 11 for the nitrite group. There were no significant differences between the groups at baseline and after 20 min of nitrite or saline infusion; neither nitrite nor saline infusion resulted in significant changes vs. the respective baseline values. Please note that data on cortical and medullary laser flux are given as percentage change from baseline only, because laser fluxmetry does not provide absolute data on blood perfusion. Data are mean ± SEM, n = 9 for the saline group (control), n = 11 for the nitrite group, *denotes p < 0.05 control vs. nitrite group, + denotes p < 0.05 vs. baseline in the nitrite group. Both groups were exposed to a brief hypoxic challenge and to unilateral ischemia-reperfusion between the blood sampling at 20 min and that at 140 min.
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The effects of IRI on renal hemodynamics and tissue oxygenation are depicted by Fig. 3 . In the control group, total renal blood flow as well as local cortical and medullary perfusion that were nil during the occlusion of the renal artery and vein, started to increase upon unclamping. Restoration was sluggish and incomplete, even after 60 min of reperfusion. Cortical and medullary pO 2 that also approached zero during the occlusion, showed an immediate increase upon its cessation, reaching a small transient peak. Thereafter, cortical pO 2 increased slowly and did not reach pre-occlusion values. Conversely, medullary pO 2 took on values indistinguishable from control levels already 25 min after reperfusion. Unilateral IRI increased serum creatinine significantly by 12.0 ± 4.6 micromol/L from 53.9 ± 2.9 micromol/L at baseline to 65.9 ± 6.2 micromol/L at the end of the observation period.
Overall, continuous nitrite infusion improved post-ischemic perfusion and oxygenation, but distinct differences were seen between total renal and local perfusion and, most remarkably, between perfusion and tissue pO 2 (Fig. 3) . Local reperfusion in the cortex and, even more so, in the medulla were significantly augmented by nitrite, while its effect on total renal blood flow did not reach statistical significance. Nitrite rapidly restored tissue pO 2 in both the cortex and the medulla to pre-ischemic levels. Serum creatinine did not change significantly (3.3 ± 4.7 micromol/L) from baseline (54.3 ± 2.4 micromol/L) to the end of the observation period (57.6 ± 5.8 micromol/L). 
Discussion
This pre-clinical study shows that nitrite -given in a dose and manner that can be translated into patient treatment -effectively restores renal tissue oxygenation following renal ischemia. The improved re-oxygenation most probably relies on the nitrite-reductase pathway for NO generation. It provides NO and, thereby, vasodilation "on demand", yet other renal effects of NO including an improved supply-demand ratio for oxygen appear to play an additional role in the reno-protective effect of continuous low-dose nitrite administration.
In line with pathophysiologic key events in acute kidney injuries of various other origins, renal tissue hypoperfusion and hypoxia during early reperfusion play a prominent role in the pathophysiology of renal IRI [12] [13] [14] [15] [17] [18] [19] [20] [21] [22] . Tissue hypoxia following ischemia relies, at least in part, on imbalance between vasodilatory factors such as NO, and vasoconstrictive factors, e.g., reactive oxygen species and 20-hydroxyeicosatetraenoic acid, among many others 12, 13, 15, 17 . We observed that, in the control group, renal tissue perfusion increased slowly upon cessation of the ischemia and did not reach pre-occlusion values within 60 min of reperfusion (Fig. 3) . Both cortical and medullary tissue pO 2 showed a small transient peak upon unclamping, in line with a previous study 17 . This most probably mirrors an increase in the supply-demand ratio during a short period where reperfusion supplies oxygen, while oxygen consuming tubular reabsorption has not yet started again. Thereafter, cortical pO 2 increased slowly and did not reach pre-occlusion values, whereas medullary pO 2 was restored within about 25 min of reperfusion. This points at differences in post-ischemic oxygen supply-demand ratio, probably related to lower overall osmolyte reabsorption of medullary than cortical tubules.
Restoring post-ischemic oxygenation is an obvious target for alleviating IRI, and, given that imbalance between vasoconstrictive factors and vasodilatory NO plays a key role, providing NO "on demand" can be considered a rewarding approach. Nitrite infusion, indeed, increased post-ischemia tissue perfusion and oxygenation (Fig. 3) . Nitrite significantly augmented local cortical reperfusion and, even more so, medullary reperfusion, while its effect on total renal blood flow did not reach statistical significance. This indicates redistribution of intrarenal perfusion towards the medulla, and a possible pooling within the microcirculation 12, 22 . The latter enhances laser-Doppler probes signals, as this technique assesses erythrocytes' velocity and the density of erythrocytes per tissue volume 23 . Nitrite rapidly restored tissue pO 2 to pre-ischemic levels. The discrepancy between perfusion and tissue pO 2 indicates an altered oxygen supply-demand ratio. NO is known to decrease tubular sodium reabsorption and, thereby, oxygen consumption 24 . In addition, NO enhances sodium reabsorption efficiency 25 . The rapid and full restoration of tissue oxygenation in the nitrite group parallels the finding that the classical marker for renal function, serum creatinine, did not increase significantly. Conversely, renal IRI increased serum creatinine in the control group by about 12 micromol/L. As we exposed only the left kidney to IRI, creatinine increase is less than for rats subjected to bilateral kidney IRI or combined unilateral IRI with contralateral nephrectomy 9, 11, 17 , in line with previous studies 26, 27 . Former studies on the efficacy of nitrite in alleviating renal IRI applied nitrite (or nitrate) in a manner or dosing that cannot be transferred to the patient. For instance, nitrite was applied topically on the kidney surface, or in high doses. The present protocol aimed at only moderately increased nitrite levels, in accord with safety criteria used for long-term nitrite infusion in humans 7 . Continuous i.v. infusion (that includes the reperfusion period) is preferred over bolus injections, intraperitoneal, or topical administration on the kidney surface [9] [10] [11] , to allow nitrite distribution among fluid compartments and to take into account complex kinetics of interactions among nitrite, haemoglobin, nitrate, and NO in humans 28 . In patients, serious hypotensive episodes must be precluded and the increase in MetHb must be limited. Our dosage for nitrite infusion met the set criteria. First, nitrite did not result in a significant decrease in arterial blood pressure under normoxia (Table 1) , and in none of the rats did arterial pressure drop by 15 mmHg or more. Second, MetHb increased by about 2.0% within the observation period of 140 minutes (Fig. 1) , and in none of the rats did MetHb exceed the 3% limit. Such minute MetHb levels are deemed biologically negligible 7 . Third, the effectiveness of the chosen dosage to enhance hypoxic vasodilation was ascertained. In the control group, hypoxia decreased arterial pressure by hypoxic vasodilation, which, in accord with previous results 16, 23 , is pronounced in non-renal vascular beds (exemplified here by the hindquarter) as compared to the renal vasculature (Fig. 2) . Nitrite significantly enhanced the hypotensive effect by augmenting hypoxic vasodilation in both the hindquarter and the kidneys. This result is in line with studies in human beings, in whom low-dose nitrite infusions increased forearm blood flow during hypoxia, but not during normoxia 29 . Indeed, the presented data confirm that the nitrite-reductase pathway provides NO and, thereby, vasodilation "on demand" 3, 6, 7, 16 . Safety and feasibility of intravenous sodium nitrite infusion in healthy humans is already proven 7 . Here we show that nitrite, given to rats in an according manner, markedly alleviates renal IRI, with regard to local tissue oxygenation, regional perfusion and serum creatinine. Thus, these findings underscore the beneficial effects of low-dose nitrite infusion on renal oxygenation in a model of contrast-induced acute kidney injury 16 . Low-dose nitrite administration was recently also shown to prevent lethality in a model of crush-syndrome 30 . Our findings add to the studies in patients suffering from a variety of cardiovascular disorders, which are currently under way. Patients with endothelial dysfunction (e.g. diabetics) may profit most 2, 3 , but attention must be paid in individuals prone to generalised hypoxia, as serious hypotension may occur. According to recent studies in human beings, dietary intakes of nitrate and nitrite lower the risk of hypertension and chronic kidney disease, and patients suffering from chronic kidney diseases profit from increased dietary nitrite intake 31, 32 . Yet, in spite of the encouraging findings, it appears too early to generally recommend nitrite administration -or consuming hot dogs or beetroot juice -when at threat for renal IRI.
Materials and Methods
Investigations were performed on 20 male Wistar rats (4-5 month of age; average body mass [BM] 400 g; Harlan-Winkelmann, Borchen, Germany). The studies were approved by Berlin's State Office of Health and Social Affairs in accordance with the German Animal Protection Law and the experiments were carried out in accordance with the approved guidelines. The rats were housed under standard conditions with environmental enrichment and were allowed food and water intake ad libitum until administration of the anesthetic. For anesthesia, urethane solution (Sigma-Aldrich, Steinheim, Germany; 20% in distilled water) was intraperitoneally injected at 6 mL/kg of BM. This approach provides anesthesia throughout the surgical preparation and the examination and leaves cardiovascular and respiratory reflexes largely undisturbed. The rats were positioned on a heating table to maintain their body temperature at 37 °C.
Surgical Preparation. A tracheal cannula was inserted to facilitate spontaneous breathing. A femoral artery catheter was used to monitor arterial blood pressure via a transducer (DTXX; Viggo-Spectramed, Swindon, UK) connected to an amplifier (Gould, Valley View, OH). This catheter also served for continuous saline infusion (1 mL/h) and for intermittent blood sampling. The abdomen was opened through a midventral incision; during surgery and examination, the abdominal cavity was filled with isotonic saline (37 °C). Two ultrasound transit time difference flow probes (1RB; Transonic Systems, Ithaca, NY) were positioned by means of micromanipulators, one around the left renal artery, the other around the infrarenal aorta, for absolute measurements (in mL/min) SCIEnTIFIC REPORTS | (2017) 7:14597 | DOI:10.1038/s41598-017-15058-5 of total renal blood flow and hindquarter blood flow, respectively. Two combined optical laser-Doppler flux and pO 2 probes (OxyFlo/OxyLite; Oxford Optronics, Oxford, UK) were inserted by means of micromanipulators into the renal cortex and the medulla (probe tips about 1.5 mm and 3-4 mm below the capsule, respectively) to obtain absolute values of tissue pO 2 (in mmHg) and relative changes in tissue perfusion (laser flux). A soft suture sling armed with an elastic tube around the sling's legs was loosely placed around the left renal artery and vein for later induction of ischemia. Finally, a jugular vein catheter was inserted that was used for infusions. Fig. 1 , after completion of the surgical preparation, baseline values of hemodynamic and oxygenation parameters and a blood sample were obtained during infusion of saline (0.67 mL/h per kg BM via the jugular vein catheter). MetHb was measured by ABL 520 apparatus (Radiometer, Copenhagen, Denmark) and serum creatinine by Creatinine Analyzer II (Beckman Instruments, Galway, Ireland). The withdrawn blood volume was replaced by an equal amount of balanced electrolyte solution (E153; Serumwerk, Bernburg, Germany).
Experimental Procedures. As depicted by Supplemental
Thereafter, in one group of rats (n = 11), the infusion was switched to nitrite, whereas in the other group (n = 9), the saline infusion was continued (control). While the infusion rate was maintained at 0.67 mL/h per kg BM, the nitrite dose for the initial 10 minutes was 0.172 mg/h per kg BM (solution of 225 mmol/L of sodium nitrite [Roth GmbH, Karlsruhe, Germany] in distilled water), which was followed by a nitrite dose of 0.057 mg/h per kg (solution of 75 mmol/L of sodium nitrite in 0.45% NaCl) that was continued until the end of the experiment 16 . Twenty minutes after initiating the infusion of nitrite (or continuation of saline, respectively), a second blood sample was taken. Subsequently, a brief period of hypoxia was induced to assess the effect of nitrite on hypoxic vasodilation by reducing FiO 2 from 21% (room air) to 10% (hypoxia); the FiO 2 was monitored by means of a gas analyzer (ML206; ADInstruments, Dunedin, New Zealand). Hundred seconds after initiating hypoxia, the FiO 2 was restored to 21%, which was followed by a recovery period of 300 seconds.
Thereafter, ischemia of the left kidney was initiated by drawing the legs of the suture sling and fixing them above the elastic tube by means of a lightweight bulldog clamp. Forty-five minutes later, the sling was removed to allow reperfusion. The completeness of the occlusion and re-opening of the renal artery and vein was visually controlled. Sixty minutes after initiating the reperfusion, a last blood sample was taken.
Calculations and Statistical Analyses. To distinguish changes in blood flow brought about by changes of arterial pressure via passive vessel distension from that brought about by vasomotor actions, conductance values (the inverse of resistance) were calculated by dividing flow data by the present arterial pressure: renal vascular conductance = renal blood flow/arterial pressure, and hindquarter conductance = hindquarter blood flow/arterial pressure. Relative values and percentage changes were obtained by relating the absolute data during/after an intervention to the absolute data obtained immediately before the respective intervention.
Data are given as mean ± SEM. Statistical analyses were done using the Student t test and general linear model analysis of variance (GLM-ANOVA) followed by Dunnett's multiple comparison procedure, respectively, with a significance level of P < 0.05 using Number Cruncher Statistical Software (Hintze, Kaysville, UT).
Data availability. All data generated or analysed during this study are included in this published article.
